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Forming a first mold comprising at least one frame
segment, a core, and a first cap s U2

Forming an actuator body from the first mold e

Coupling one or more rings to an external surface of
tne actuator body o form a ring reinforced actuator

++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

Forming a second mold comprising at least one shell | 508
segment and a second cap

++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

Arranging a pluraiity of nng reinforced actuators in

the second mold 610

Forming an actuator segment from the second mold 012

Coupling a plurality of actuator segments together
via at leasti one modular connector cap (o form a soft -~_5814
poly-imb

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++
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SOFT POLY-LIMB SYSTEMS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority to and the benefit of U.S.
Provisional Patent Application Ser. No. 62/656,481, entitled
“SOFT POLY-LIMB SYSTEMS,” filed Apr. 12, 2018, and
U.S. Provisional Patent Application Ser. No. 62/776,770,
entitled “SOFT ROBOTIC LIMB,” filed Dec. 7, 2018. The
disclosures of all the foregoing applications are incorporated
herein by reference in their entireties, including but not
limited to those portions that specifically appear heremaftter,
but except for any subject matter disclaimers or disavowals,
and except to the extent that the incorporated material 1s
inconsistent with the express disclosure herein, in which
case the language 1n this disclosure shall control.

FEDERALLY SPONSORED R.
DEVELOPMENT

(1]

SEARCH OR

This 1nvention was made with government support under
grant number CMMI-1800940 awarded by the National

Science Foundation. The Government has certain rights 1n
the 1vention.

TECHNICAL FIELD

The present disclosure relates to robotics, and 1n particu-
lar to soft robotic limb systems suitable for supplementing

human limbs and, more generally, for moving and manipu-
lating objects.

BACKGROUND

Robotic appendages have been developed which may
assist a human user 1 conducting routine tasks such as
moving and manipulating objects. Typically, such robotic
appendages are not designed to replace biological limbs, but
instead, supplement them. Traditional robotic appendages,
for example robotic arms, have suflered from various draw-
backs and limitations due to rigid designs, excessive weight
and size, and dithicult interactions between the robotic
appendage and human tissue. Accordingly, improved robotic
appendages remain desirable.

BRIEF DESCRIPTION OF THE DRAWINGS

With reference to the following description and accom-
panying drawings:

FIG. 1 1illustrates a front perspective view of a soft
poly-limb system 1n accordance with an exemplary embodi-
ment;

FIG. 2 illustrates a rear perspective view of a soft poly-
limb system 1n accordance with an exemplary embodiment;

FIG. 3 illustrates various mounting positions of a soft
poly-limb in accordance with exemplary embodiments;

FIG. 4 1illustrates a soft poly-limb disassembled into
actuator segments in accordance with an exemplary embodi-
ment,

FIG. 5A illustrates a suction cup end-eflector for a soft
poly-limb system 1n accordance with an exemplary embodi-
ment;

FIG. 5B illustrates a soit grasper end-eflector for a soft
poly-limb system 1n accordance with an exemplary embodi-
ment;
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2

FIG. 5C illustrates a multi-tool holder end-eflector for a
soit poly-limb system in accordance with an exemplary

embodiment;

FIG. 6A 1llustrates a molding process to form an actuator
body of a soft poly-limb system in accordance with an
exemplary embodiment;

FIG. 6B 1illustrates a ring-reinforced actuator of a soft
poly-limb system 1n accordance with an exemplary embodi-
ment;

FIG. 6C illustrates a molding process to form an actuator
segment of a soit poly-limb system 1n accordance with an
exemplary embodiment;

FIG. 6D 1llustrates an exploded view of modular connec-
tor caps coupled to an actuator segment of a soft poly-limb
system 1n accordance with an exemplary embodiment;

FIG. 6F illustrates a perspective view of an assembled
soit poly-limb 1n accordance with an exemplary embodi-
ment,

FIG. 7A 1llustrates various geometrical parameters of a
ring-reinforced actuator of a soft poly-limb system in accor-
dance with an exemplary embodiment;

FIG. 7B 1illustrates various geometrical parameters asso-
ciated with a soft poly-limb 1n accordance with an exem-
plary embodiment;

FIG. 8 illustrates a control system flow diagram for a soft
poly-limb system 1n accordance with an exemplary embodi-
ment; and

FIG. 9 illustrates a method of manufacturing a soft
poly-limb 1n accordance with an exemplary embodiment.

SUMMARY

In an exemplary embodiment, a soit poly-limb system
may comprise a first actuator segment, a second actuator
segment, and a third actuator segment forming the soft
poly-limb, wherein each of the first actuator segment, the
second actuator segment, and the third actuator segment
comprise a plurality of ring reinforced actuators, and a
control system whereby a user may control the soit poly-
limb.

In various embodiments, each ring reinforced actuator
may be fluid-driven and comprise a plurality of rings dis-
persed along an external surface of an actuator body. The
plurality of rings may be configured to restrain radial
expansion and promote linear extension motion. The soft
poly-limb may be configured with nine degrees of freedom.
The soft poly-limb may have a length of between 0.5 meters
and 0.7 meters. Each actuator segment may be tapered such
that the soit poly-limb may be tapered. Each ring reinforced
actuator may have a first diameter at one end and a second,
smaller diameter at a second, opposite end. The system may
be wearable by a user to provide enhanced object manipu-
lation capabilities to the user. The system may further
comprise an end-ellector coupled to the third actuator seg-
ment. The system may comprise at least five actuator
segments, or at least seven actuator segments, or at least ten
actuator segments.

A system may comprise a soit poly-limb, comprising, a
first actuator segment, a second actuator segment, and a third
actuator segment forming a soft poly-limb, wherein each of
the first actuator segment, the second actuator segment, and
the third actuator segment may comprise a plurality of ring
reinforced actuators, and a motion controller 1n communi-
cation with the soit poly-limb and configured to provide
movement instructions to the soit poly-limb.

In various embodiments, the motion controller may com-
prise one of a joystick motion controller, an 1nertial mea-
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surement unit motion (IMU) controller, or a surface elec-
tromyography (sEMG) motion controller. The system may

turther comprise a pressure source 1n fluid communication
with the soft poly-limb and configured to provide fluid
pressure to the soft poly-limb. The system may further
comprise a pressure regulator between the pressure source
and the soft poly-limb and configured to regulate a pressure
of fluid flowing into the soft poly-limb. The system may
further comprise a pressure sensor coupled to the soft
poly-limb and configured to monitor a pressure 1n a portion
of the soft poly-limb. The system may further comprise a
solenoid valve between the pressure regulator and the soft
poly-limb.

In an exemplary embodiment, a method of manufacturing
a soit poly-limb may comprise forming an actuator body
from a first mold, coupling one or more rings to the actuator
body to form a ring reinforced actuator, arranging a plurality
of ring reinforced actuators 1n a second mold, forming an
actuator segment from the second mold, and coupling a
plurality of actuator segments to form the soft poly-limb.

In various embodiments, coupling a plurality of actuator
segments may comprise coupling the plurality of actuator
segments together via at least one modular connector cap.
The first mold may comprise at least one frame segment, a
core, and a first cap. Arranging the plurality of ring rein-
forced actuators may comprise arranging the plurality of
ring reinforced actuators in an equilateral triangle prism.

The foregoing features and elements may be combined in
various combinations without exclusivity, unless expressly
indicated otherwise. These features and elements as well as
the operation thereof will become apparent 1n light of the
following description and the accompanying drawings. It
should be understood, however, the following description
and drawings are intended to be exemplary in nature and
non-limiting.

DETAILED DESCRIPTION

The following description 1s of various exemplary
embodiments only, and 1s not mntended to limit the scope,
applicability or configuration of the present disclosure in any
way. Rather, the following description 1s intended to provide
a convenment illustration for implementing various embodi-
ments mcluding the best mode. As will become apparent,
various changes may be made 1n the function and arrange-
ment of the elements described in these embodiments with-
out departing from principles of the present disclosure.

For the sake of brevity, conventional techmiques for
robotics, icluding actuators, joints, power, control, and/or
the like may not be described in detail herein. Furthermore,
the connecting lines shown in various figures contained
herein are intended to represent exemplary functional rela-
tionships and/or physical couplings between various ele-
ments. It should be noted that many alternative or additional
functional relationships or physical connections may be
present 1 a soit poly-limb system and/or components
thereof.

Principles of the present disclosure contemplate the use of
soit wearable robotics such as soft poly-limbs, for example,
for supplementing the capabilities of a human wearer such
as 1n connection with physical assistance of daily living
tasks. The present disclosure encompasses the design and
development of the fluid-driven, wearable, soit poly-limb,
from the Greek word polys, meaning many. The soft poly-
limb utilizes the numerous traits of soft robotics to enable a
novel approach in providing sate and compliant mobile
manipulation assistance to healthy and impaired users. This
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wearable system equips the user with a controllable addi-
tional limb that i1s capable of complex three-dimensional
motion in space. Similar to an elephant trunk, the soft
poly-limb 1s able to manipulate objects using a variety of
end-eflectors, such as suction adhesion or a soit grasper, as
will be discussed further below, as well as 1ts entire soit body
to conform around an object. To develop these highly
articulated soft robotic limbs, the present disclosure pro-
vides a set of systematic design rules, obtained through
varying geometrical parameters of the soit poly-limb via
experimentally verified finite-element method (FEM) mod-
cls. Performance of exemplary systems are disclosed by
testing the lifetime of the new soft poly-limb actuators,
evaluating payload capacity, operational workspace, and
capability of interacting close to a user via a spatial mobaility
test. Further, the present disclosure demonstrates user con-
trol of the limb using multiple user intent detection modali-
ties. Exemplary soft poly-limb systems feature the ability to
assist 1n multitasking and pick and place scenarios with
varying mounting locations of the soit poly-limb around the
user’s body. Exemplary embodiments highlight the soft
poly-limb’s ability to safely interact with the user while
demonstrating promising performance in assisting with a
wide variety of tasks, i both work and general living
settings.

Robotic manipulators that can be worn on the human
body provide users with extra appendages to support, assist,
or enhance their existing capabilities. Such wearable
mampulators do not aim at replacing biological limbs like
prosthetic devices or provide musculoskeletal augmentation
like exoskeletons. Kinematically, these robots do not have to
follow the user’s anatomy and therefore do not restrict
movement or require alignment with biological joints, and
are easier to don and dofl. Examples of prior wearable
mampulators have ranged from robotic arms, legs, and
fingers, showing functional benefits in industrial and medi-
cal tasks.

However, the introduction of wearable manipulators
brings up the question of adoption and controllability. Pre-
vious research has shown that the human central nervous
system 1s capable of accepting and learning to control
additional limbs. Therefore, with some training, humans
should be capable of working with additional limbs to
complete tasks more effectively. Preliminary research has
shown controllability of robotic manipulators with multiple
human participants, utilizing biological signals from the
frontalis muscle on the forehead, torso muscles, the foot, or
the elbow. Nevertheless, adoption of such devices goes
beyond just being able to control them. There are psycho-
logical and social factors involved, for example the stigma
of having additional limbs as seen with people with Polyme-
lia (people or amimals with more than usual number of
biological limbs). A need for a comiortable, easy to don and
dofl, and lightweight robotic limbs remains.

Although the benefits from the use of wearable manipu-
lators are slowly becoming more apparent, most of the
current robotic systems still have to face the obstacles that
come with their nngid design, such as weight, size, and the
challenging interaction between human tissue and rigid
materials. Specifically, prior approaches for wearable robot-
ics, for example robotic arms, legs, and fingers, typically
involve the use of pneumatically driven actuators with rigid
metal components that add bulk and weight to the design.
These challenges lead to questions related to the safety of the
user that could possibly limit technological, and later social,
adoption. One of the emerging solutions to tackle these
challenges originates from soit robotics. Soft robots, or
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intrinsically soit devices (ISDs), are highly adaptable and
robust to the changing environment, safe for human-robot
interaction, low-cost in terms of fabrication, lightweight,
and finally may offer high power to weight ratios. Their
compliant nature allows conformity to the user’s body
without causing tissue damage, making them suitable for
wearable applications. This versatility can promote psycho-
logical acceptance of such devices by eliminating some of
the constraints of rigidity. This wave of soit robotics has led
to the mtroduction of soit actuators and the possibilities of
combining them to create soit continuum manipulators 1n
various categories like cable-driven actuators, pneumatic
artificial muscles (PAMs) a.k.a. McKibben actuators, intlat-
able structures, and fluidic elastomeric actuators (FEAs),
The blend of soit robotics and wearable manipulators sets
forth a new category of robots, which are referred to herein
as soit poly-limbs, 1.e. soft manipulators that act as extra
appendages.

In accordance with an exemplary embodiment, principles
of use of a soft poly-limb may safely and eflectively assist
a user 1 numerous ways, such as in activities of daily living
(ADLs). In exemplary embodiments, a soft poly-limb as
disclosed herein may assist a user by providing daily living
assistance (for example, opening a door when a user’s hands
are full from carrying objects), impaired user assistance (for
example, assisting an aging user with feeding), workforce
assistance (for example, assisting a grocery store worker
user 1n restacking shelves with products quicker and having
access to higher shelves that cannot be reached without the
assistance ol a soft poly-limb), and/or hazardous task assis-
tance (for example, assisting a user in measuring, from a safe
distance, radiation levels emitted from radioactive samples
and collecting such radioactive samples on-site). Such forms
ol assistance are exemplary and not intended to provide all
types of assistance the soit poly-limb disclosed herein may
offer.

With reference now to FIG. 1, a soft poly-limb system 100
1s 1llustrated from a front perspective view 1n accordance
with an exemplary embodiment. Soft poly-limb system 100
may comprise a system capable of being worn by a user and
having one or more soit poly-limbs 200 configured to assist
a user in various tasks including moving, manipulating,
maneuvering, and adjusting objects. Soit poly-limb system
100 may comprise a backpack mount 110. In various
embodiments, backpack mount 110 may comprise one or
more shoulder straps 112, a chest strap 114, and a waist strap
116. In various embodiments, shoulder straps 112, chest
strap 114, and waist strap 116 may be coupled together,
along with soft poly-limb 200, to form soit poly-limb system
100. Backpack mount 110 may comprise any suitable mate-
rial capable of supporting and stabilizing soft-poly limb 200,
for example a fabric such as a cotton, nylon, polyester,
polypropylene, or other suitable fabric.

Referring now to FIG. 2, soft poly-limb system 100 1s
illustrated coupled to a user from a rear perspective view 1n
accordance with an exemplary embodiment, Soft poly-limb
system 100 may comprise a storage pouch 118 configured to
store soft poly-limb 200 when soft poly-limb 200 1s not 1n
use or 1 a collapsed state. Storage pouch 118 may be
coupled to waist strap 116, for example, by an outer surface
and coupled to soft poly-limb 200 by an outer surface. Soft
poly-limb 200 comprising a flexible material (as will be
discussed further below), may be configured to collapse,
thereby reducing a volume of soft poly-limb 200 and storing,
soit poly-limb 200 1n storage pouch 118. In various embodi-
ments, soit poly-limb 200 may be coupled to storage pouch
118 at a proximal end of the soft poly-limb 200. Storage
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pouch 118 may comprise a closing mechanism such as a
plurality of buttons or fasteners, hook and loop fasteners, or
a zipper configured to prevent soft poly-limb 200 from
protruding from storage pouch 118 when not 1n use. While
discussed herein as comprising a pouch, storage pouch 118
1s not limited 1n this regard and may comprise any structure
capable of storing soit poly-limb 200 in a compact manner
when soit poly-limb 200 1s not in use.

Referring now to FIG. 3, various mounting positions of
soit poly-limb 200 on soit poly-limb system 100 are 1llus-
trated in accordance with various embodiments. Soit poly-
limb 200 may be mounted to any suitable portion of back-
pack mount 110. For example, when viewed from the front
(or normal to the x-y plane), soft poly-limb 200 may be
mounted to an upper-rear portion of backpack mount 110,
middle-rear portion of backpack mount 110, or lower-rear
portion of backpack mount 110, wherein rear may refer
generally to the negative z-direction. Soft poly-limb 200
may be coupled to a left side or right side of backpack mount
110, wherein left may refer generally to the negative x-di-
rection and right may refer generally to the positive x-di-
rection. While 1llustrated as being coupled to a rear portion
of backpack mount 110 at the discrete locations illustrated 1n
FIG. 3, all suitable mounting locations of soft poly-limb 200
are contemplated herein. Further, soft poly-limb 200 may be
detachable in various embodiments such that soit poly-limb
200 may be coupled to a first location on backpack mount
110, decoupled from the first location, and coupled to a
second location on backpack mount 110.

Referring now to FIG. 4, soit poly-limb 200 1s illustrated
disassembled into three actuator segments 202 in accordance
with an exemplary embodiment. In various embodiments,
soit poly-limb 200 may be designed to meet one or more
functional requirements to better assist a user. For example,
in various embodiments, soft poly-limb 200 may comprise
a weight of less than 1 kilogram, comprise a maximum
diameter of 0.01 meters, be capable of maneuvering a
payload of 1 kilogram while fully extended, capable of
maneuvering a payload of an object twice the weight of soft
poly-limb 200 when not fully extended, comprise a length
approximately equal to that of a male arm (0.59 meters),
retract to a length half of a fully extended length, having
infinite degrees of freedom (DOF), with each actuator seg-
ment capable of curving approximately 180 degrees. Other
structural and/or functional capabilities 1n addition to those
above are contemplated herein.

In various embodiments, soit poly-limb 200 may com-
prise at least a first actuator segment 2024, a second actuator
segment 2026 adjacent to and coupled to first actuator
segment 202a, and a third actuator segment 202¢ adjacent to
and coupled to second actuator segment 202b. First actuator
segment 202a, second actuator segment 2025, and third
actuator segment 202¢ may be coupled together at axial ends
thereof such that the various actuator segments 202 may
form a single, elongated soft poly-limb 200, First actuator
segment 202a, second actuator segment 2025, and third
actuator segment 202¢ may comprise any suitable material
such as a thermoplastic or thermoset material, for example,
a thermoplastic polyurethane encased in nylon fabric. The
materials of first actuator segment 202a, second actuator
segment 2025, and third actuator segment 202¢ may be any
suitable fluidly-sealed material capable of expanding and/or
extending in response to applied tluid pressure and returning
to a nonexpanded and/or nonextended state 1n response to
removal of applied fluid pressure.

In various embodiments, each actuator segment 202 may
comprise a first ring reinforced actuator 204, a second ring
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reinforced actuator 206, and a third ring remforced actuator
208. First actuator segment 202¢ may comprise a first ring
reinforced actuator 2044, a second ring reinforced actuator
206a, and third ring reinforced actuator 208a. Similarly,
second actuator segment 20256 may comprise a {irst ring
reinforced actuator 2045, a second ring reinforced actuator
2060, and a third ring reinforced actuator 2085. Similarly,
third actuator segment 202¢ may comprise a {lirst ring
reinforced actuator 204¢, a second ring reinforced actuator
206¢, and a third ring reinforced actuator 208c¢. In various
embodiments; first actuator segment 202q, second actuator
segment 20256, and third actuator segment 202¢ may com-
prise more or fewer than three ring reinforced actuators. In
various embodiments, the first ring reinforced actuators 204,
second ring reinforced actuators 206, and third ring rein-
forced actuators 208 may be arranged into an equilateral
triangle prism; however, they are not limited in this regard
and may be arranged i1n any suitable configuration. The
various actuator segments and ring reinforced segments may
operate mdependently or jointly to operate soit poly-limb
system 100 as will be discussed further below.

Referring now to FIGS. 5A-5C, three end-eflectors 210,
220, and 230, for use 1n connection with a soft poly-limb,
such as soft poly-limb 200, are 1llustrated in accordance with
an exemplary embodiment. End-effector 210 may comprise
a suction cup end-eflector, end-effector 220 may comprise a
solt grasper end-ellector, and end-eflector 230 may com-
prise a multi-tool holder end-effector. A suction cup end-
cllector such as end-eflector 210 may be configured to
couple to an object by formation of a vacuum between the
distal surface of a suction cup 212 disposed at a distal end
of the end-effector 210. A soft grasper end-eflector 220 may
comprise one or more spring-like members 222 configured
to deflect in response to contacting an object and apply a
biasing force to the object. In various embodiments, soit
grasper end-eflector 220 may comprise two, three, four, or
any suitable number of spring-like members 222 arranged 1n
any suitable configuration. A multi-tool holder end-effector
230 may comprise any suitable mechanism for applying
force to the item to be maneuvered, such as a clamping
mechanism 232. The various end-etlectors may be selected
by a user based on the qualities of the 1tem to be maneuvered
by the soft poly-limb and interchangeably coupled to a
terminal end of the soft poly-limb. Alternatively, an entire
portion of the soft poly-limb may be configured to maneuver
a desired object by wrapping around the object.

Referring now to FIGS. 6 A 6EF, a soft-poly limb, which
may be similar to soft poly-limb 200, is illustrated 1n various
states of assembly, 1n accordance with various embodiments.
FIG. 6 A illustrates an exploded view of a molding process
of an actuator body 300. In various embodiments, a mold for
an actuator body 300 may comprise one or more frame
segments 302, a core 304, and a first cap 306. In various
embodiments, frame segments 302, core 304, and first cap
306 may be manufactured utilizing any suitable technique,
including, for example, additive manufacturing techniques,
injection molding, casting, forging, or any other technique.
Frame segments 302 may be formed such that one or more
segments may be configured to be coupled together to form
a mold and contain core 304. As such, frame segments 302
may be coupled together and define an interior space at a
radially inner surface and outward of an external geometry
of core 304. Frame segments 302 may be manufactured to
include one or more protrusions to allow equal spacing of
reinforcing rings along a length of the formed ring rein-
torced actuator. Core 304 may be inserted between frame
segments 302 and frame segments 302 may be coupled
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together to form actuator body 300. First cap 306 may be
placed on one or both axial ends to form the mold. Following
this, a liquid silicone material may be poured into the mold
and cured (for example, by placing the mold 1n an oven at
60° C. to expedite the curing process), and actuator body 300
may be removed.

Referring to FIG. 6B, a ring remnforced actuator may
comprise one or more rings 308 comprising an acrylonitrile
butadiene styrene (ABS) or other similar material disposed
about actuator body 300. The rings 308 may be manufac-
tured such that each successive ring comprises an mcremen-
tally smaller diameter to allow tapering of the remforced
actuator. In various embodiments, the one or more rings 308
which, 1n various embodiments, may be distributed along an
axial length of actuator body 300, may be configured to
restrict radial movement of actuator body 300 when actuator
body 300 1s pressurized. For example, 1n various embodi-
ment, actuator body 300 may comprise a tubular soft-
s1licone actuator configured to contain pressurized fluid such
as a gas to actuate the soft poly-limb. The soft-silicone
actuator may comprise a shore hardness of 30A. However,
any suitable hardness may be utilized, as desired. In various
embodiments, the one or more rings 308 may be manufac-
tured via any suitable technique and coupled to an external,
radially outer surface of actuator body 300. While rings 308
may restrict radial expansion of actuator body 300, rings 308
may also facilitate axial expansion of actuator body 300 as
actuator body 300 1s pressurized, thereby actuating the soft
poly-limb. In various embodiments, the actuator body 300
may comprise any material capable of expanding and
retracting in response to fluid pressure at 1ts interior.

With reference to FIG. 6C, multiple ring reinforced actua-
tors 300 may be arranged to form an actuator segment 320.
For example, in various embodiments, a two-part mold may
be designed to fuse three or more ring reinforced actuators
300 by formation of a silicone sheath around the various ring
reinforced actuators. For example, in various embodiments,
one or more ring reiforced actuators 300 may be formed 1n
a similar process described with reference to FIG. 6B and
arranged 1n an equilateral triangle prism. The one or more
ring reinforced actuators 300 may be enclosed within one or
more shell segments 312, which may comprise a silicone
matenal, to form a mold and create a complete actuator
segment 320. A second cap 314 comprising a plurality of
apertures equal to the number of ring reinforced actuators
300 may be place on one or both axial ends of the ring
reinforced actuators to restrict movement of the ring rein-
forced actuators relative to each other as the molding
process 1s conducted, Each actuator segment 320 may com-

prise a length of approximately 160 millimeters in various
embodiments.

Referring to FIG. 6D, one or more actuator segments 320
may be fitted with modular connector caps 316 on one or
both axial ends of actuator segments 320 via a silicone
adhesive. For example, 1n various embodiments, a modular
connector cap 316 may comprise a geometry substantially
like the axial ends of the actuator segments 320. As 1llus-
trated 1n FIG. 6D, the modular connector caps 316 may
comprise three substantially circular portions arranged such
that the circular portions may interface with the axial ends
of each ring reinforced actuator of the actuator segment 320.
Modular connector caps 316 may comprise any suitable
lightweight yet rigid material such as a silicone matenal.
Modular connector caps 316 may be configured to provide
support for and restrict movement of the ring reinforced
actuators and coupled multiple actuator segments together to
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form a soft poly-limb. A fully assembled exemplary soft
poly-limb 1s illustrated in FIG. 6E.

Referring now to FIGS. 7A and 7B, a ring remforced
actuator 400 and soit poly-limb 410 are 1llustrated in accor-
dance with exemplary embodiments. As previously stated,
varying geometrical parameters of the ring reinforced actua-
tor and soft-poly limb may be determined via experimentally
verified finite-element method (FEM) models. Specifically,
various geometrical parameters and design variables may be
chosen to alter the mechanical properties of the ring rein-
forced actuator 400 and/or soft poly-limb 410 when ring
reinforced actuator 400 and/or soit poly-limb 410 are pres-
surized. More specifically, with reference to FIG. 7A, ring
reinforced actuator 400 may comprise a length (L), a wall
thickness (W'T), a cap thickness (CT), a ring thickness (RT),
a ring spacing (RS), a ring reinforced actuator top diameter
(RRATD), and a ring remnforced actuator bottom diameter
(RRABD). One or more of the above geometrical param-
cters or design variables may be selected based on FEM
outputs to achieve a desired performance of ring reinforced
actuator 400.

Similarly, one or more geometrical parameters and/or
design variables associated with soft poly-limb 410 may be
selected based on FEM outputs. With reference to FIG. 7B,
soit poly-limb 410 may comprise a soit poly-limb length (L)
(which 1n various embodiments may be between 0.5 meters
and 0.7 meters), taper angle (TA) (in order to reduce weight
at a distal end and bring the soft poly-limb center of gravity
closer to a proximal end), soit poly-limb top diameter
(SPLTD), soft poly-limb bottom diameter (SPLBD), ring
reinforced actuator diameter (RRAD), ring reinforced actua-
tor spacing (RRAS), sheath thickness (ST), and center hole
diameter (CHD). One or more of the above geometrical
parameters or design variables may be selected based on
FEM outputs to achieve a desired performance of soft
poly-limb 410.

Referring to FIG. 8, a system control flow diagram for a
soit poly-limb system 300 is illustrated in accordance with
an exemplary embodiment. The system 500 may comprise a
soit-poly limb 502 (similar to any of those discussed above),
a motion controller 504, a pressure source 506, a pressure
regulator 508, at least one solenoid valve 510, and at least
one pressure sensor 512. A user’s intentions may be 1llus-
trated by block 514. In various embodiments, 1n response to
a user desiring to maneuver an object or otherwise operate
a solt poly-limb 502, a user may interface with a motion
controller 504. Motion controller 504 may comprise a joy-
stick motion controller, an 1nertial measurement unit motion
(IMU) controller, or a surface electromyography (sEMG)
motion controller in various embodiments. However, any
suitable user mput and/or interface components may be
utilized, as desired. In various embodiments, a user-desired
position of an end-effector coupled to the soit poly-limb 502
may be determined by a discretized motion controller which
correlates the position of the motion controller with a pre-set
soit poly-limb position. The soft poly-limb 502 may be
pneumatically pressured via pressure source 506. Pressure
regulator 508, which may comprise a pressure regulator
valve or check valve, may regulate a pressure of fluid to the
soit poly-limb 502 and one or more solenoid valves 510 may
be configured to prevent or allow flow to the soit poly-limb
502. One or more pressure sensors 312 downstream of the
pressure regulator 508 and upstream of the one or more
solenoid valves 510 may monitor a pressure ol various
portions of soit poly-limb 502 and be configured to open
and/or close the one or more solenoid valves 510 1n response
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to a deficiency or abundance of pressure sensed in soft
poly-limb 502 by pressure sensors 512.

With reference now to FIG. 9, a method of manufacturing
a soft poly-limb 600 1s illustrated 1n accordance with an
exemplary embodiment. The method may comprise forming
a first mold comprising at least one frame segment, a core,
and a first cap (step 602). The method may further comprise
forming an actuator body from the first mold (step 604). The
method may further comprise coupling one or more rings to
an external surface of the actuator body to form a ring
reinforced actuator (step 606). The method may further
comprise forming a second mold comprising at least one
shell segment and a second cap (step 608). The method may
further comprise arranging a plurality of ring reinforced
actuators 1n the second mold (step 610), The method may
further comprise forming an actuator segment from the
second mold (step 612). The method may further comprise
coupling a plurality of actuator segments together via at least
one modular connector cap to form a soft poly-limb (step
614).

While the principles of this disclosure have been shown 1n
various embodiments, many modifications of structure,
arrangements, proportions, the elements, materials and com-
ponents, used 1n practice, which are particularly adapted for
a specific environment and operating requirements may be
used without departing from the principles and scope of this
disclosure. These and other changes or modifications are
intended to be included within the scope of the present
disclosure.

The present disclosure has been described with reference
to various embodiments. However, one of ordinary skill in
the art appreciates that various modifications and changes
can be made without departing from the scope of the present
disclosure. Accordingly, the specification 1s to be regarded 1n
an 1llustrative rather than a restrictive sense, and all such
modifications are itended to be included within the scope of
the present disclosure. Likewise, benefits, other advantages,
and solutions to problems have been described above with
regard to various embodiments. However, benefits, advan-
tages, solutions to problems, and any element(s) that may
cause any benefit, advantage, or solution to occur or become
more pronounced are not to be construed as a critical,
required, or essential feature or element.

As used herein, the terms “comprises,” “comprising,” or
any other variation thereof, are intended to cover a non-
exclusive inclusion, such that a process, method, article, or
apparatus that comprises a list of elements does not include
only those elements but may include other elements not
expressly listed or mnherent to such process, method, article,
or apparatus. Also, as used herein, the terms “coupled,”
“coupling,” or any other varnation thereof are intended to
cover a physical connection, an electrical connection, a
magnetic connection, an optical connection, a communica-
tive connection, a functional connection, and/or any other
connection. When language similar to “at least one of A, B,
or C” or “at least one of A, B, and C” 1s used in the
specification or claims, the phrase 1s intended to mean any
of the following: (1) at least one of A; (2) at least one of B;
(3) at least one of C; (4) at least one of A and at least one of
B; (5) at least one of B and at least one of C; (6) at least one
of A and at least one of C; or (7) at least one of A, at least
one of B, and at least one of C.

What 1s claimed 1s:

1. A soft poly-limb system, comprising:

a first actuator segment, a second actuator segment, and a

third actuator segment forming the soit poly-limb,
wherein each of the first actuator segment, the second
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actuator segment, and the third actuator segment com-
prise a plurality of ring reinforced actuators;

a control system whereby a user may control the soft

poly-limb;

a backpack mount coupled to the first actuator segment;

and

a storage pouch coupled to the backpack mount,

wherein the first actuator segment, the second actuator

segment, and the third actuator segment are storable
within the pouch when not 1n use,

wherein each ring reinforced actuator 1s fluid-driven and

comprises a plurality of rings dispersed along an exter-
nal surface of an actuator body,

wherein the plurality of rings are configured to restrain

radial expansion and promote linear extension motion,
and

wherein the soit poly-limb 1s configured with at least nine

degrees of freedom.

2. The system of claim 1, wherein the backpack mount
comprises at least two mounting locations for the first
actuator segment.

3. The system of claim 2, wherein the plurality of mount-
ing locations comprises an upper-rear right mounting loca-
tion, an upper-rear left mounting location, a middle-rear
right mounting location, a middle-rear left mounting loca-
tion, a lower-rear right mounting location, and a lower-rear
left mounting location.

4. The system of claim 1, wherein each actuator segment
1s tapered such that the soit poly-limb 1s tapered.

5. The system of claim 1, wherein each ring remforced
actuator has a first diameter at one end and a second, smaller
diameter at a second, opposite end.
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6. The system of claim 1, wherein the system 1s wearable
by a user to provide enhanced object manipulation capabili-
ties to the user.

7. The system of claim 1, further comprising an end-
ellector coupled to the third actuator segment.

8. The system of claim 1, wherein the system comprises
at least five actuator segments, or at least seven actuator
segments, or at least ten actuator segments.

9. A method of manufacturing a soft poly-limb compris-
ng:

forming an actuator body from a first mold;

coupling one or more rings to the actuator body to form
a ring reinforced actuator;

arranging a plurality of ring reinforced actuators in a
second mold;

forming an actuator segment from the second mold; and

coupling a plurality of actuator segments to form the soft

poly-limb.

10. The method of claim 9, wherein coupling a plurality
ol actuator segments comprises coupling the plurality of
actuator segments together via at least one modular connec-
tor cap.

11. The method of claim 9, wherein the first mold com-
prises at least one frame segment, a core, and a first cap.

12. The method of claim 9, wherein arranging the plural-
ity of ring reinforced actuators comprising arranging the
plurality of ring reinforced actuators in an equilateral tri-
angle prism.
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